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qual i ta t ive  or descriptive i n  nature although quant i ta t ive 

comparisons w i l l  be made of various al ternat ives  d e n  

appropriate t o  the presentation, 

p ic ture  of t h e  overal l  manned mission, t h i s  paper w i l l  be 

l imited t o  an examination of propulsion t o  be eriiployed 

within the  moon's sphere o f  ac t iv i ty ;  t h a t  is, where the 

moon's gravi ta t ional  f i e ld  is more important than the 

Earth 's ,  To confine the  discussion within t h i s  r e s t r a i n t ,  

we must assume spacecraft inser t ion i n t o  trans-lunar 

t ra jec tory  by propulsion systems which w i l l  n o t  be con- 

sidered within t h e  scope of t h i s  paper. 

Except for  a general 
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Man has ventured t o  set foot on the  moon, In  May 

of 1961 the la te  President Kennedy announced t h a t  the 

United S ta tes  would undertake to  land men on t h e  moon 

and re turn  them safely t o  the  Earth's surface, As a 

preliminary adjunct t o  the manned f l i gh t ,  several  

unmanned luna r  landings are planned, These e f f o r t s  have 

now been underway fo r  several years and m o s t  of t he  basic 

technical decisions regarding the method of accomplishing 

the  missions have been made. 

The purpose of t h i s  paper i s  t o  examine several  

aspects of the  propulsion problem fo r  performing the  

l u n a r  landing maneuver and for  ascent from the  moon's 

surface, The paper w i l l  cover first, the  performance 

requirements of the  propulsion equipment i n  terms of the  

several  path al ternat ives;  second, the arguments fo r  t he  

choice of the  lunar rendezvous mode of approach, which has 

been selected as the method to  be used for  the manned 

landing nission; and th i rd ,  a discussion of t h e  spacecraft 

propulsion e p e n t  which is under' opment t o  perform 

lunar landing missions, The disc ill be principal ly  
* 



FORENARD 

Before beginning the p r e s e n t a t i o n  of t h e  paper 

prepared for t h i s  mee t ing ,  I should l i k e  t o  make a f e w  

remarks about t he  gene ra l  s u b j e c t .  I cons ider  it a 

p r i v i l e g e  t o  be able t o  d i scuss ,  a t  t h i s  meeting of  t h e  

X V t h  I n t e r n a t i o n a l  As t ronau t i ca l  Congress, some of the 

propulsion problems of luna r  descent  and a scen t .  Exchanges 

of views on t h e s e  very d i f f i c u l t  space maneuvers are 

welcome.  Exchanges of  viewpoints f l u o r i s h  i n  an 

environment n o t  on ly  of p r o f e s s i o n a l  respect b u t  a l s o  of 

mutual b e n e f i t .  The United States of  A m e r i c a  s t ands  

ready t o  j o i n  i n  cooperat ive space ventures  wi th  any 

nation. I ts  program i s  an  open program and t h e  b e n e f i t s  

r e s u l t i n g  from it are shared with a l l .  I n  t h i s  s p i r i t  

I s h a l l  review the c a l c u l a t i o n s ,  t h e  dec i s ions ,  and the 

propulsion equipment f o r  the luna r  landing m i s s i o n .  



PROPULSION RZQUIREMENTS FOR LUNAR MANEUVERS 

The propulsion requirements for  performing a lunar 

landing mission are  characterized by the  velocity change 

(dV) necessary t o  bring a payload t o  rest a t  t h e  lunar 

surface. The ideal  velocity change requirement is, of 

course, dependent on the  t ra jectory flown from the Earth, 

the r e l a t ive  phase-relationship of the ear th  and the  moon, 

the t i m e  of launch, the planned duration of f l i gh t ,  the 

longitude and l a t i t ude  of launch, and the  longitude and 

l a t i t u d e  of landing. 

paper t o  examine these variables i n  d e t a i l ;  t h i s  analysis 

has been covered i n  other papers. 

It is not within the scope of t h i s  

T o  the idea l  t ra jectory veloci ty  change requirement 

m u s t  be added reserve requirements imposed by f l i g h t  path 

corrections due t o  accelemeter e r rors ,  a l t i t ude  determinatjon 

e r rors ,  impulse e r rors ,  and possible p i l o t  errors.  

Of the many variables tha t  a f f ec t  the  velocity change 

requireinent the duration of f l i g h t  exer ts  the greatest  

influence. 

propel a useful payload t o  its dest inat ion and it is i n  the 

Since the purpose of the propulsion systein is t o  

1 
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mission in te res t  t o  maximize tha t  payload, the most a t t rac-  

t i ve  f l i g h t  paths are those with f l i g h t  durations above 70 

hours where dV requirements approach a m i n i m u m .  The deci- 

sion t o  accept such f l i g h t  duration then establ ishes  bound- 

a r i e s  for thrust-to-spacecraft-mass r a t i o ,  impulse accuracy 

and, for  the landing phase, t h ro t t l i ng  range, which we w i l l  

now examine. 

There are  two general c lasses  of lunar landing methods. 

The f irst  of these i s  descent d i r ec t ly  from a lunar t r a -  

jectory. The second i s  more complex, entai l ing f i r s t  an 

entry i n t o  a lunar o rb i t  and then a descent t o  the surface. 

I n  addition, propulsion equipment t o  perform t ra jec tory  cor- 

rections during the earth-moon o r  moon-earth legs  of the 

mission i s  also required. These maneuvers generally l i e  out- 

side the moon's sphere of ac t iv i ty  and t h e i r  requirements 

w i l l  not be discussed i n  t h i s  paper. I n  addition f o r  manned 

missions, which necessitate return,  e i the r  path e n t a i l s  hov- 

ering over the lunar surface pr ior  t o  f ina l  let-down t o  per- 

m i t  the astronauts an opportunity t o  study the surface and 

se l ec t  a s i t e  for  landing. If only pa r t  of the t o t a l  expedi- 

tionary spacecraft system descends, leaving a parent ship i n  

the lunar o r b i t ,  the additional maneuver of lunar o r b i t  ren- 

dezvous between the two spacecraft m u s t  also be performed. 

2 



The requirement of each of these maneuvers needs to be 

examined, along with the advantages or disadvantages of launch 

opportunities or of abort situations. 

Descent and Landing 

For this discussion the landing maneuver will be con- 

sidered as a descent which reduces the spacecraft velocity 

to zero at a low altitude above the moon's surface followed 

by a landing maneuver from a low hover altitude to a landing 

on the lunar surface. 

Descent Directly from Trans-lunar Trajectory 

The "ideal" mode of landing on the moon is descent 

directly to the surface from a trans-lunar trajectory. The 

approach velocity of the spacecraft relative to the moon is 

dependent on the flight duration, as well as on other factors 

already mentioned. Figure 1 relates the transit time to the 

hyperbolic excess velocity relative to the moon (AVm ) and 

also presents the minimum total impulse velocity increment 

(Avo) requires for a direct landing both for times of 
maximum separation of the moon and the Earth (1.33 x log feet) 

and minimum separation (1.17 x lo9 feet). The hyperbolic 

3 
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excess ve loc i ty  is a measure of the t r a j e c t o r y  energy and would . 
be the ve loc i ty  of t h e  spacec ra f t  r e l a t i v e  t o  t h e  moon a t '  

impact i f  t h e  moon had no g r a v i t y .  

The minimum t o t a r  impulse v e l o c i t y  increment r ep resen t s  

a hypothe t ica l  "ideal" landing w h e r e  t h e  propuls ive  impulse 

is applied i n  i n f i n i t e s i m a l  t i m e  and is  c a l l e d  the impulsive 

v e l o c i t y  increment requirement.  

For direct landing w i t h  f i n i t e  t h r u s t ,  which is  s u b s t a n t i a l l y  

more real is t ic ,  t h e  t o t a l  impulse requi red  is  dependent on the  

spacecraf t  v e l o c i t y  vec tor  r e l a t i v e  t o t h e  su r face ,  as w e l l  as 

t h e  t i m e  taken t o  execute t h e  maneuver: v e r t i c a l  descent 

r equ i r e s  t he  maximum v e l o c i t y  increment.  The c h a r a c t e r i s t i c  

v e l o c i t y  d i f f e r s  from t h e  impulsive v e l o c i t y  requirement i n  

t h a t  it includes t h e  added propuls ive  requirements necessary 

t o  overcome the  g r a v i t a t i o n a l  a t t r a c t i o n  vec tor  during t h e  

f l i g h t  period; it i s  equiva len t  t o  t h e  v e l o c i t y  a t ta inable  by 

the  s a m e  propuls ion system opera t ing  f o r  the s a m e  t i m e  i n  

l i n e a r  f l i g h t  i n  a g r a v i t a t i o n l e s s  vacuum. F i g u r e  2 shows 

t h i s  v e r t i c a l  characterist ic v e l o c i t y  change requirement a s  

a function of the  thrus t - to- in i t ia l -mass  r a t i o .  

The landing is  governed by t h e  s a m e  basic equat ions 

t h a t  govern ascent  ( w i t h  appropr ia te  mathematical s i g n ,  

4 



of course) and those f a m i l i a r  with ascent trajectories 

can readi ly  deduce the  effects  of other-than-vertical 

f l i g h t  paths. 

N o t e  i n  Figure 3 t h a t  charac te r i s t ic  velocity penal- 

ties are qui te  s ign i f icant  un le s s  wide range variable 

t h r u s t  is available, This resu l t  suggests t h a t  for  d i r ec t  

descent t o  landing, the  u s e  of t w o  propulsive systems may 

be advantageous: one for  deceleration, t he  other t o  

complete the  landing. 

Figure 3 i l l u s t r a t e s  the e f f e c t  of thrust-to-init ial-  

mass ra t io  on ign i t ion  a l t i tude  for  a v e r t i c a l  descent, 

S i n c e e r r o r s i n  a l t i t u d e  measurement a t  the beginning of 

propulsive th rus t  are reflected i n  e r ro r s  i n  a l t i t ude  a t  

the  burn-out point, burn-out e r rors  i n  a l t i t uda  are l ike ly  

t o  be greater  when low thrust-to-mass-ratio systems are 

used, 

loading a t  t h i s  point i n  the  f l i g h t  could have serious 

e f f e c t s  . 

Qui te  obviously large uncertaint ies  i n  propellant 

The descent touch-down on the  lunar surface is 

probably the  most c r i t i c a l  period of f l i g h t  during the 

e n t i r e  lunar mission, Accordingly, the poss ib i l i t y  of 

any equipment f a i lu re  or  an unsuitable surface condition 

5 



is an extremely important cons idera t ion ,  Our first  

thought would be t o  use t h e  propuls ion s t a g e  designed 

f o r  lunar launch t o  perform t h e  abort maneuver. 

A t  some p o i n t s  i n  t h e  d i r e c t  descent  from l u n a r  

t r a j e c t o r y ,  t h e s e  abort requirements a r e  i n  excess of 

the normal requirement for launch f r o m  t h e  su r face ,  I f  

t h e  t rans- lunar  t r a j e c t o r y  pa th  makes an angle less t h a n  

45 degrees with the luna r  su r face  then  the s p a c e c r a f t  can 

be turned from i ts  pa th  (provided that  t h e  ascent  s t a g e  

has  s u f f i c i e n t  t h r u s t )  and put  i n t o  an e l l i p t i ca l  o rb i t  

around the  moon from which it can be re turned  t o  Ear th  

without exceeding t h e  c h a r a c t e r i s t i c  v e l o c i t y  requirement 

for launch from t h e  moon t o  Earth,  Figure 4 i l l u s t r a t e s  

t h e  problem, 

S i n c e  landing si tes of g r e a t e s t  i n t e r e s t  are on the 

v i s i b l e  po r t ion  of the moon and s i n c e  landing on these 

sites genera l ly  r equ i r e s  approach pa ths  g r e a t e r  t han  

45 degrees w i t h  r e spec t  t o  t h e  su r face ,  it follows t h a t  

the d i r e c t  landing t r a j e c t o r y  does not  appear a t t ract ive 

f o r  manned missions.  It i s  a t t r a c t i v e  f o r  unmanned 

mis s ions ,  where no abort requirements need be considered, 

because only one continuous propuls ive  burning t i m e  i s  

required,  and l ine-of-s ight  communication is  poss ib l e ,  

b 
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Descent v i  a Lunar O r b i t  

Deceleration t o  a lunar orbit  pe rmi t s  survey of the  

lunar  surface around the  belt of t he  orbit  pr ior  t o  commit- 

ment t o  land, Since much information about the  moon's 

gross surface charac te r i s t ics  can be obtained from a 

r e l a t ive ly  low orbit  and since, as we  shall see, abort 

problems are great ly  alleviated during the descent maneu- 

ver, the  use of the lunar orb i t  is very appealing for 

manned f l i g h t  i n  s p i t e  of the additional t o t a l  characteris-  

t i c  veloci ty  requirements as compared t o  d i r ec t  descent. 

Figure 5 i l l u s t r a t e s  the  to ta l  impulsive veloci ty  

increments fo r  descent by use of a lunar c i rcu lar  orbi t  

as a function of the  hyperbolic excess veloci ty  r e l a t ive  

t o  the  moon. For l o w  a l t i t u d e s  (50 t o  100 m i l e s )  the  

additional veloci ty  increment is perceived t o  be of t he  

order of one hundrel feet per second. These f igures  do 

not include any veloci ty  requireinent t o  effect an orbit  

plane change, 

Figure6 shows the impulsive veloci ty  requirements 

for  entry i n t o  various c i rcu lar  lunar o r b i t s  as a function 

of the  hyperbolic excess velocity r e l a t ive  to the moon. 

These curves a l so  apply t o  e x i t  froin tine lunar o r b i t  t o  

re turn  to Zarth. 
7 
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The e f f e c t  of thrus t - to- in i t ia l -mass  on the charac te r -  

i s t i c  ve loc i ty  requirement f o r  one p a r t i c u l a r  approach 

speed i s  shown on Figure 7. For t h i s  maneuver thrus t - to-  

m a s s  r a t i o  e f f e c t  i s  r e l a t i v e l y  small;  even f o r  values  of 

0.1, the add i t iona l  ve loc i ty  requirement i s  less than 100 

f e e t  per second. The effect  of s p e c i f i c  impulse on t h e  

c h a r a c t e r i s t i c  ve loc i ty  requirement i s  also q u i t e  small. 

Thus, en t ry  i n t o  o r b i t  maneuvers can be accomplished w i t h  

r e l a t i v e l y  low t h r u s t  propuls ion u n i t s .  These curves are 

very near ly  c o r r e c t  f o r  e x i t  f r o m  the luna r  o r b i t  t o  r e t u r n  

t o  Earth. 

Descents from l u n a r  o r b i t  t o  the hover a l t i t u d e  a r e  

a t t r a c t i v e ,  i n  comparison t o  d i rec t  descents ,  because pro- 

pu l s ion  system of r e l a t i v e l y  l o w  thrust-to-mass r a t i o s  and 

t h r o t t l i n g  r a t i o s  can be used  without  severe penal ty .  Land- 

i n g  from o r b i t  a l s o  allows abor t  w i th in  t h e  c a p a b i l i t y  of 

t h e  ascent s t age  a t  a l l  t i m e s  dur ing descent.  Figure 8 ill- 

u s t r a t e s  the abor t  maneuver, Figure 9 i n d i c a t e s  t y p i c a l  

c h a r a c t e r i s t i c  ve loc i ty  requirements for abor t  during descent  

from a p a r t i c u l a r  o r b i t .  

While t h e  direct  l u n a r  landing i s  more e f f i c i e n t  than  

landings  employing a luna r  o rb i t  f o r  the i d e a l i z e d  impulsive 

0 .J 
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thrust case, the advantages of the direct flight path are 

largely lost when finite thrust propulsion systems are 

considered. The additional system weight required to 

meet the higher thrust-to-mass ratios of the direct landing 

offsets the slight velocity increment advantages, In fact, 

for thrust-to-initial-mass ratios below approximately 4.0 

the velocity increment advantage of the direct descent as 

compared to the lunar orbit and Hohman transfer descent has 

vanished. 

There are five principal approach trajectories to be 

considered for descent from lunar orbit, Four are illus- 

trated in Figure 10a & 103;. Each has certain advantages and 

disadvantages, They are: 

1) Continuous Constant-Thrust Descent: The descent pro- 

pulsion system is ignited in orbit and the descent to hover 

altitude made at constant thrust following an optimum 

flight path. 

ing. 

ing equipment along with an exact knowledge of propellant 

loading, as does the next method, 

There is no interruption of propulsive burn- 

This method requires precise path and position measur- 

9 
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2) Continuous Variable-Thrust Descent: I g n i t i o n  occurs  

i n  o r b i t  with descent a t  minimum t h r u s t  along an optimum 

path ;  a t  a p a r t i c u l a r  po in t  during f l i g h t  t h e  t h r o t t l e  i s  

advanced t o  near ly  f u l l  t h r u s t  f o r  the remainder of  the 

descent  t o  hover a l t i t ’ - . l e .  BY using the  v a r i a b l e  t h r u s t  

c a p a b i l i t y  the a s t ronau t  can make adjustments near the end 

o f  descent so t h a t  the spacec ra f t  achieves the  hovering 

a l t i t u d e .  This f i n a l  approach technique is probably requi red  

if the spacecraf t  i s  t o  be landed a t  a p a r t i c u l a r  l o c a t i o n  

on t h e  surface.  

3 )  Hohman E l l i p s e  Transfer  and Descent :  The descent  pro- 

pu ls ion  systems must i g n i t e  b r i e f l y  a t  t he  po in t  of t h e  luna r  

o r b i t  (assumed t o  be c i r c u l a r )  j u s t  oppos i te  t h e  landing 

point .  A s  t h e  spacec ra f t  nears  t h e  landing s i t e  t h e  descent  

propulsion system must be r e s t a r t e d  and descent  made t o  hover 

a l t i t u d e  following an optimum f l i g h t  path.  Although t h i s  pa th  

is  most e f f i c i e n t  i n  t e r m s  of c h a r a c t e r i s t i c  v e l o c i t y  requi re -  

ment ,  it is obvious t h a t  the landing s i t e  i s  not i n  view 

during t h e  e a r l y  p a r t  of t h e  descent  and tha t  t h e  propuls ion 

system mus t  be. operated a t  l e a s t  t w i c e .  

10  
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4) Synchronous El l ipse Descent: The descent propulsion 

system f i r s t  t ransfers  the spacecraft from its i n i t i a l  

c i rcu lar  orbSt t o  an e l l i p t i c a l  o r b i t  of equal period but 

with a low-altitude pericynthion near the landing site, 

A t  t he  pericynthion the descent propulsion system is 

res ta r ted  and an optiiilu;i+path descent m a G e  t o  hover 

altitucte, The igni t ion point Zor the  f i r s t  maneuver can 

be either 90 degrees o r  27G degrees from the landing 

site, This maneuver is attractive if a s m a l l  landing 

ssacecldft  is disjoined f ro3  a parent spacecraft which 

remiins i n  c i rcu lar  orl;it. The maneuver perinits both 

spacecraft t o  remain i n  sight of each other through 

several  inspection passes anC during the  descent. 

5) The Eear-Vertical Descent: It  is also possible to 

use a high-thrust, two-burn descent which requires 

re-ignition of the  propulsion system t o  prevent impact 

with the  lunar sur5ace. Such t r a j ec to r i e s  can reduce 

the  angular range between the i n i t i a l  f i r i n g  and the land- 

ing t o  25 degrees without s ign i f icant ly  increasing the  

charac te r i s t ic  velocity increment requiremeht, Propulsion 

system f a i l u r e  a t  the second ignition, however, would leave 

the  spacecraft on an impact t ra jec tory ,  Such descents 

are not favored for manned missions. 

11 



8 4 

Figure 11 shows t h e  r e l a t i o n s h i p  between the 

minii-aun c h a r a c t e r i s t i c  veloc i t y  increment and system 

niaxinun-thrust-to-initial-weight r a t i o  for  four  of these 

landing approach pa ths ,  The absc i s sa  can be transiormed 

i n t o  a t h r o t t l i n g  r a t i o  i f  the spacec ra f t  is  assumed t o  

have a f ilia1 r a t io  of lunar-weight-to-engine-thrust  and 

t h i s  s ca l e  has  been added f o r  the value of sp ,  i e c r a f t  

minimum t h r u s t  t o  lunar  landing weight of 0. /5. (This 

v i o l a t e s  t h e  concept of cons tan t - thrus t  burning; however , 

it i s  obvious t h a t  v a r i a b l e  t h r u s t  would be requi red  f o r  

descent  from the hover a l t i t u d e . )  

T h e  Hohriian e l l i p s e  descent  r equ i r e s  t h e  l e a s t  v e l o c i t y  

increment a t  a l l  t h r o t t l i n g  r a t i o s ;  t h e  cons t an t - th rus t  

descent  the m o s t .  T h e  synchronous descent  maneuver 

r e q u i r e s  almost 300 f e e t  &eL ,econd more v e l o c i t y  change 

than  a Hohm,-. t r a n s f e r ;  the  va r i ab le - th rus t  descent  l i e s  

between the Hohinan e l l i p s e  t r a n s f e r  requirement and the 

synchronous-orbit requirement . Except for the constant-  

t h r u s t  method, which goes out  of s i g h t  for orb i t s  of 100 

m i l e s ,  the v e l o c i t y  d i f f e r e n c e s  i n  these pa ths  a r e  q u i t e  

independent of spacec ra f t  propuls ion t h r o t t l i n g  r a t i o s ,  

1 2  



. men prac t ica l  values of engine thrust chamber 

weights a re  plugged in to  these '  relationships,  it becomes 

c l ea r  t h a t  beyond maximum-thrust-to-initial-mass r a t i o s  

of 1/3 ( th ro t t l i ng  r a t i o  about 5-51 the spacecraft pro- 

pulsion system weight, including propellants , remains 

essent ia l ly  constant, 

e f f i c i e n t  path (Hohman) and the l e a s t  e f f i c i en t  path 

(synchronous o rb i t )  amount t o  about two percent of t o t a l  

The differences between the most 

spacecraft weight, Using a single engine w i t h  a t h r o t t l -  

ing r a t i o  of 3,5:1 r e s u l t s  i n  a penalty of about three 

percent of t o t a l  spacecraft weight w i t h  respect t o  the 

bes t  t h ro t t l i ng  ra t io .  Since a t h r o t t l i n g  range of 3,5:l 

i s  possible i n  a fixed-orifice engine injector system, it 

i s  c l ea r  t ha t  use of such a thruster configuration would 

not be prohibit ive i n t n t a l  spacecraft system weight, It 

would, however, l i m i t  capabili ty fo r  abort o r  other emer- 

gency-demand maneuvers, 

Hover and Landinq 

Hovering a t  a l t i t ude  prior t o  continuing to  the sur- 

face increases the t o t a l  charac te r i s t ic  velocity increment 

over t h a t  for  an "ideal" descent without hover. Figure 1 2  

shows the increase i n  t o t a l  charac te r i s t ic  velocity require- 

ment as  the hover a l t i t u d e  i s  increased, 



For manned landing t h e  propuls ion  system must pro- 

vide s o m e  c a p a b i l i t y  t o  remain a l o f t  f o r  a l i m i t e d  t i m e  

t o  permit  t h e  a s t ronau t s  t o  study the su r face  and select 

an appropriate  s i te  f o r  landing. 

continuous thrust equal t o  the spacec ra f t  l u n a r  weight 

(the mass of the spacec ra f t  X the l u n a r  g r a v i t a t i o n a l  

acce lera t ion ,  w h i c h  i s  approximately 5.31 feet/second/ 

second). 

z o n t a l l y  t o  t h e  sur face  i s  a l s o  poss ib le .  

i s t i c  ve loc i ty  requirements f o r  simply remaining a lo f t  

a r e  the product of the luna r  g r a v i t a t i o n a l  acce le ra t ion  

and the t i m e  of burning. 

To do t h i s  r e q u i r e s  

During t h i s  t i m e  l i m i t e d  t r a n s l a t i o n  hori- 

The charac te r -  

Now, having a r r i v e d  a t  zero  v e l o c i t y  w i t h  r e spec t  t o  

the moon a t  an (assumed) r e s p e c t f u l  d i s t a n c e  from the 

su r face  we perce ive  t h a t  t o  land v e r t i c a l l y  w e  must reduce 

the spacecraf t  t h r u s t  t o  some value below the s p a c e c r a f t ' s  

l u n a r  weight, For t h i s  touch-down maneuver a t h r u s t  l e v e l  

of 3/4 of the spacec ra f t  weight i s  r e p r e s e n t a t i v e  of the 

minimum t h r u s t  requi red  t o  perform the landing e f f i c i e n t l y .  

F igure  1 3  shows more exac t ly  the characterist ic v e l o c i t y  

requirement t o  descend f r o m  a hovering a l t i t u d e  of 1,000 

14 
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f e e t  as a function of the thrust-to-lunar-weight r a t i o  

with th ro t t l i ng  (maximum thrust  t o  minimum thrus t )  r a t i o  

a s  a parameter, Figure 14 i l l u s t r a t e s  the var ia t ion of 

charac te r i s t ic  velocity increment w i t h  var ia t ion i n  

th ro t t l i ng  r a t i o  fo r  descents from several  hovering a l t i -  

tudes. These f igures  show t ha t  i f  hovering can be per- 

formed a t  the lower al t i tudes,  re la t ive ly  small t h ro t t l i ng  

r a t i o s  can be employed w i t h  only modest and charac te r ' s t ic  

velocity penalties.  I f  high hovering a l t i t udes  are 

required, then e i the r  multiple engines, or one engine w i t h  

2 w i d e  t h ro t t l i ng  capabili ty m u s t  be provided, 

A n  a l ternate  scheme of operation i s  t o  provide one 

engine with high-response s t a r t  and stop character is t ics ,  

The requirements of t h i s  scheme of operation are  not i l l u s -  

t r a t ed  by the figures,  

I n  actual f l i g h t  a true hover point  (zerc ver t ica l  

velocity) may not Se used, par t icu lar ly  i f  a wide-zalige 

th ro t t l i ng  engine i s  available t o  control the spacecraft 

velocity as it approaches the surface, 
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Ascent f r o m  Lunar Surface 

D i r e c t  Return t o  Earth 

The propulsive requirements for  d i rec t  ascent  t o  a 

trans-Earth t r a j e c t o r y  are s i m i l a r  bu t  less s t r i n g e n t  

than  the landing maneuver. Obviously v a r i a b l e  t h r u s t  is 

not  required i n  ascent.  

requirement f o r  var ious  t h r u s t - t o - i n i t i a l  mass r a t i o s  f o r  

v e r t i c a l  f l i g h t  (maximum v e l o c i t y  increment requirement) 

are e s s e n t i a l l y  those  shown i n  Figure 2 for descent.  

Ascents a t  an angle t o  luna r  su r face  w i t h  pa ths  following 

the curvature  of t h e  moon minimize t h e  luna r  g r a v i t a t i o n a l  

loss t e r m  i n  the ascent equat ions,  i n  the same manner a s  

for Earth ascents .  

T h e  c h a r a c t e r i s t i c  v e l o c i t y  

Ascent t o  Lunar O r b i t  

Launch t o  luna r  o r b i t  p r i o r  t o  r e t u r n  t o  Ear th  w i l l  be 

requi red  fo r  inany of t he  landing s i tes  on the moon: it may 

be des i r ab le  t o  extend t h e  launch "window" f o r  r e t u r n  t o  

Earth i n  any mission: f o r  lunar  o r b i t  rendezvous w i t h  a 

parent  spacecraf t  a launch t o  o rb i t  is  mandatory, 
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Three types of ascent t ra jec tor ies  are shown i n  

Figure 15 and t h e i r  character is t ic  velocity increment 

requirements are shown i n  Figure % i n  terms of t a k e o f f  

thrust-to-mass ra t io ,  The variable-thrust ascent is 

not shown because variable thrust  seems an unnecesdary 

and unwarranted complication for  the ascent maneuver, 

For the two-burn e l l i p t i c a l  t ransfer  ascent paths, a 

pericynthion a l t i tude  of 50#000 feet was assumed, These 

t ransfer  e l l i p s e  curves show a minimum character is t ic  

veloci ty  requirement a t  a thrust-to-initial-mass r a t i o  

of 0.7 because of an assumed i n i t i a l  v e r t i c a l  rise t o  

500 f ee t  a l t i tude,  W i t h  high thrus t  the t u r n  from t h i s  

d i rec t ion  becomes costly,  A continuous-burn constar,t 

th rus t  ascent t o  a 50 m i l e  orbi t  a l t i t ude  requires 

approximately 800 fee t  per second more acceleration than 

the  two-burn t ransfer  e l l ipses ,  This difference causes 

about a 7 percent difference i n  ascent s tage weight and 

does not look a t t rac t ive ,  par t icu lar ly  i n  view of t he  f ac t  

t h a t  t he  penalty becomes even more prohibit ive i f  the ascent 

s tage thrust-to-mass r a t i o  i s  kept above 0.5 t o  cope with 

abort requirements, Accordingly, one of the t ransfer  

e l l i p s e  modes appears t o  be the best choice. 
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If t h e  luna r  o r b i t  rendezvous technique is used, 

rendezvous w i l l  be requi red  of either the ascent  s t a g e  

or the parent  o r b i t i n g  spacec ra f t ,  

maneuvers have the same requirement as t r a j e c t o r y  correc- 

t i o n s  and depend f o r  their  magnitude on the accuracy of 

the t racking  and guidance systems, Assuming the guidance 

t o  be good, these maneuver requirements a r e  s m a l l  and 

i n s t a l l a t i o n  of rende.zvous systems i n  botil the  ascent  

spacecraf t  and the parent  spacec ra f t  is  t h e r e f o r e  not  

p roh ib i t i ve  i n  weight , 

General ly  rendezvous 
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SURVEYOR 

The Surveyor spacecraft (Figure 17) i s  being devel- 

oped t o  land instruments on the moon t o  measure physical 

and chemical properties of the surface and t o  survey sev- 

e r a l  prospective manned landing areas. This soft landing 

mission represents a significant advancement i n  spacecraft 

capabi l i ty  over the Ranger which i s  designed t o  photograph 

the lunar surface j u s t  prior t o  impacting a t  nearly the 

f u l l  velocity of its trans-lunar trajectory.  



Miss ion  Mode Selection 

A descent d i r e c t l y  t o  the l u n a r  su r face  was selected 

a s  the Surveyor landing mode f o r  reasons a l ready  presented 

i n  d i s c u s s i n g  unmanned l u n a r  landing mission requirements,  

The d i r ec t  descent,  of course,  minimizes propuls ive  require-  

ments and permits continuous communication w i t h  the space- 

c r a f t ,  Since a b o r t  c a p a b i l i t y  i n  the l u n a r  v i c i n i t y  i s  of 

l i t t l e  advantage for instrument package landings,  the  u s e  

of a l u n a r  parking o r b i t  was not  considered. 

The  descent p r o f i l e  s e l e c t e d  f o r  the Surveyor space- 

c r a f t  i s  i l l u s t r a t e d  i n  Figure 18. T h i s  landing i s  

accomplished i n  two phases: the f i r s t  phase reduces the  

spacec ra f t  ve loc i ty  from 8600 feet  p e r  second t o  about 400 

f e e t  p e r  second a t  a d i s t ance  of 28,000 f ee t  above t h e  luna r  

sur face ;  t h e  second phase reduces the v e l o c i t y  t o  5 fee t  

p e r  second a t  a f e w  fee t  above the surface.  

Surveyor Propulsion Systems 

m o  on-board propuls ion systems w e r e  s e l e c t e d  f o r  

accomplishing t h e  landing maneuvers and the mid-course 

c o r r e c t i o n  maneuvers. A s o l i d  p rope l l an t  motor provides  
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the impulse for  reducing the spacecraft velocity t o  400 

f e e t  per second, A l iquid propulsion system comprising 

three small engines w i l l  accomplish mid-course correc- 

t ions,  s t a b i l i z e  the vehicle during operation of the sol id  

propellant motor, and accomplish the f i n a l  reduction i n  

velocity for  the  s o f t  landing, 

The sol id  propellant motor employs a spherical motor 

case and p a r t i a l l y  submerged nozzle (Figure 19), and 

weighs approximately 1,330 pounds, This motor, which 

represents a large portion of t he  t o t a l  spacecraft weight 

a t  launch, i s  located on the center  l i n e  of gravity of the  

vehicle and is  careful ly  aligned so t h a t  the th rus t  vector 

w i l l  not produce s ignif icant  turning moments. The motor 

del ivers  a t h rus t  of approximately 8,000 pounds and oper- 

a t e s  for for ty  seconds during the lunar r e t r o  maneuver. 

The l iquid bi-propellant landing system employs ni t ro-  

gen tetroxide a s  an oxidizer and blended hydrazine deriva- 

t i v e s  a s  the fuel ,  The propellant feed system comprises 

multiple positive-expulsion tanks, a high pressure gas 

expulsion system and three engines t h a t  can be th ro t t l ed  

over a th rus t  range of 104 to  30 pounds. The engines a re  



. 

l oca t ed  on t he  landing l e g s  of the spacecraf t .  T h r o t t l i n g  

i s  accomplished w i t h  a feed l i n e  c o n t r o l  valve.  

(shown i n  Figure 1 9 )  i s  equipped w i t h  a f i xed  i n j e c t o r  and 

employs a combination of r a d i a t i o n  and regenera t ive  cooling. 

The engine 

An a l t e r n a t e  engine conf igura t ion  is a l s o  under devel-  

opment t o  i nc rease  the t h r o t t l i n g  range and reduce t h e  feed  

pressure  requirements,  both of which w i l l  improve t h e  pay- 

load  c a p a b i l i t y  of  t h e s e  spacecraf t .  The a l t e r n a t e  engine 

employs a var iable-area i n j e c t o r  coupled t o  a var iab le-  

a r ea  cavi ta t ing-ventur i  con t ro l  system, This combination 

permi ts  a s i g n i f i c a n t  i nc rease  i n  tlie t h r o t t l i n g  range of 

tlie engine. 

eTnployed i n  this  design. 

Ablat ion and r a d i a t i o n  cool ing techniques a r e  

2 2  



. I 

APOLLO 

The objective of the  Apollo mission is  manned lunar 

landing for  exploration of t h e  moon and subsequent safe 

return t o  Earth, The effort represents an annual expendi- 

t u r e  averaging about one percent of our gross national 

product. This is less than the Iiien of the United States 

spend on tobacco or  the women spend on cosmetics. 

The Apollo objective w i l l  be accomplished following 

extensive preparation of manufacturing shops, t e s t  and 

launch f a c i l i t i e s ,  range complexes, and research labora- 

t o r i e s ,  Each f l i g h t  component w i l l  be extensively tes ted  

on the  ground ana i n  Eartl-..-orbit f l i g h t s  t o  ascertain i t s  

capa3i l i ty  of performing effect ively during this inission. 

The exploration of the noon w i l l  culminate a nine-year 

s c i e r k i f i c  an2 engineering effor t ,  

The mission, possibly the most extensive technolcgical 

eiickavor ever undertaken by man, occupies the principal 

efforts of perhaps 400,000 people, er;lployeG i n  govern~te=~t, 

university, and inGustrizl ins ta l la t ions  locaked i n  mar~y  

separated areas across the  United States. 
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Mission Mode Se lec t ion  

Three p r i n c i p a l  modes of  perforrning t h e  manned luna r  

mission were considered. These a r e  i l l u s t r a t e d  i n  Figure 7 0 ~ .  

The modes proposed w e r e  d i r e c t  f l i g h t ,  t h e  use of Earth 

o r b i t  rendezvous, and t h e  ilse of a l una r  o r b i t  rendezvous. 

I n  d i r e c t  f l i g h t  the e n t i r e  l una r  spacec ra f t  assembly 

is l i f t e d  a t  o n e  t i m e .  The e a r t h  o r b i t  rendezvous involves 

assembling t h e  spacec ra f t  i n  an d a r t h  o rb i t  and r equ i r e s  

rendezvous of s epa ra t e ly  launched p a r t s  of t h e  spacec ra f t  . 
I t  has  the important advantage of pe rmi t t i ng  t h e  luna r  

f l i g h t  w i t h  a launch veh ic l e  of roughly h a l f  t h e  s i z e  of 

the d i rec t  f l i g h t  launch vehic le .  

The lunar o r b i t  rendezvous mode involves  t h e  simultaneous 

t r a n s p o r t  of two spacec ra f t  t o  a l una r  o rb i t  with subsequent 

s e p a r a t i o n  of a l una r  landing module. While the pa ren t  

s p a c e c r a f t  remains i n  o r b i t  t h i s  much smal le r  landing module 

descends t o  perinit exp lo ra t ion  of t h e  luna r  sur face ,  t hen  

ascends and r e j o i n s  t h e  parent  s p a c e c r a f t  i n  l una r  o r b i t .  

The pa ren t  spacec ra f t  then  r e t u r n s  t o  Earth.  
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Since  t h i s  mode does not en ta i l  landing the e n t i r e  

spacecraft b u t  only a small module spec i f ica l ly  designed 

for  t h a t  purpose it of fers  weight-saving advantages i n  

the  lunar spacecraft over e i ther  of the  other modes. Of 

course, the use of lunar orb i t  rendezvous does not prohibit  

the use of Earth o r b i t  rendezvous i n  the assembly of the 

spacecraft. 

Sc ien t i s t s  and engineers i n  NASA and other government 

agencies, as w e l l  as i n  the American industr ies  and univer- 

sities, devoted intensive study t o  the three main approaches 

discussed above. After extensive analysis it was con- 

cluded t h a t  for  the manned landing mission the lunar 

o r b i t a l  approach offered the greatest  probabili ty of 

success a t  a lower cost  and on a faster schedule of accom- 

plishinent than e i the r  t he  d i r ec t  ascent o r  t he  Earth 

o r b i t a l  rendezvous techniques. 

The d i r ec t  f l i g h t  method requires the  l a rges t  launch 

vehicle although it requires no spacecraft rendezvous 

experience, The launch vehicle would need t o  be capable 

of l i f t i n g  150,000 pounds into trans-lunar t r a j ec to ry  

25 



(about 400,000 pounds i n  Earth o r b i t ) .  D i r e c t  f l i g h t  

es t imates  ind ica ted  a l a t e r  d a t e  f o r  completion of t h e  

mis s ion .  Consequently, it w a s  the f i r s t  t o  be ru l ed  out 

i n  t h i s  s e l e c t i o n  process.  

The Earth o rb i t  mode was s tud ied  i n  t w o  vers ions ,  

I t  w a s  f a i r l y  ev ident  t h a t  a method i n  w h i c h  t h e  space- 

c r a f t  and a fue led  escape veh ic l e  would be p u t  i n t o  o r b i t  

and t h e n  joined could not  be accomplished w i t h  a l o g i c a l  

d iv i s ion  i n  t h e  two payloads. T h e  second a l t e r n a t i v e  

required rendezvous i n  Earth o r b i t  between an unmanned 

tanker  and a manned Apollo spacec ra f t  including an 

unfueled i n j e c t i o n  s t age ,  The t anke r  would  f u e l  t h e  

i n j e c t i o n  s t a g e  while  i n  o r b i t .  A f t e r  t h e  fue l ing  opera- 

t i o n  the  manned spacec ra f t  would be e s s e n t i a l l y  t h e  same 

as  f o r  t h e  d i rec t  f l i g h t  mode, Using t h i s  mode t h e  

m i s s i o n  could be accomplished by use  of  t w o  s i m i l a r  

launch vehicles w i t h  a c a p a b i l i t y  of 200,000 pounds i n  

o r b i t ,  thus avoiding de lays  inc iden t  t o  t h e  development 

of  the l a r g e r  launch veh ic l e  requi red  f o r  t h e  luna r  f l i g h t  

mode . 
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In  the lunar orbit  rendezvous mode the injected 

spacecraft  weight could be reduced t o  approximately 

90,000 pounds by eliminating the requirement for propul- 

s ion  t o  land the  e n t i r e  spacecraft on the lunar surface. 

This in jec t ion  weight corresponds t o  an Earth-orbit weight 

of 240,000 pounds, a launch vehicle capability s i m i l a r  t o  

t h a t  required for  the  Earth-orbit rendezvous, 

Comparison between the  Earth-orbital rendezvous 

techniques brought out a number of per t inent  points: 

1) Lunar orbit  rendezvous c a l l s  for  one launch from 

E a r t h  rather than t w o  for  Earth-orbital rendezvous, 

2) Lunar orbi ta l  rendezvous requires about 6/10s 

of the  payload weight i n  orbit as compared t o  the  E a r t h  

o r b i t  rendezvous, This smaller mass has a bearing on the 

lower costs,  

3) Lunar o r b i t  rendezvous permits optimization of 

the  lunar landing spacecraft  and also perhits a corres- 

pending optimization of the  E a r t h  re-entry module, 

other  words, by not combining both landing and re-entry 

capabi l i ty  i n  one c ra f t ,  thus compromising one for  the  

other,  each can be ta i lored  .for i t s  spec i f ic  mission. 

, 

I n  
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4) With a l l  f a c t o r s  equal ,  rendezvous i n  Ea r th  

o rb i t  would be somewhat less hazardous than  i n  l u n a r  

o r b i t ,  However, t h e r e  are o f f - s e t t i n g  f a c t o r s  i n  favor  

of t h e  lunar  orbi t  rendezvous: (a) I n  luna r  o rb i t  rendez- 

vous the  v e l o c i t i e s  of the rendezvous s p a c e c r a f t  a r e  much 

l o w e r  than i n  t h e  Ear th  orbi t  rendezvous (approximately 

5,000 f e e t  pe r  second 2s compared with 26,000 feet  pe r  

second):  (b) I n  l una r  o rb i t  rendezvous both veh ic l e s  are 

manned and each can maneuver toward t h e  o ther :  (c) I n  

luna r  o r b i t  rendezvous, t h e  attachment of a 4,000 pound 

module is  e a s i e r  t han  execut ing the same maneuver wi th  

a inodule i n  excess of 2OO,OOO pounds a s  i n  Ear th  o rb i t  

rendezvous . 
5) Lunar o rb i t  rendezvous offers t h e  observa t ion  

and repor t ing  advantage of having two men descend w h i l e  

one s t ays  i n  lunar  o rb i t  where he  can observe and monitor 

the c r i t i c a l  landing -3hase and r e p o r t  the  ope ra t ion  back 

t o  Earth. 

I n  add i t ion  t o  these advantages,  the luna r  o r b i t  

rendezvous technique was found t o  provide advantages i n  

schedule and c o s t  of development, w h i l e  maintaining a 

high p robab i l i t y  of mission s a f e t y  and mission success.  
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Spacecr ar't Propulsion Sys t e n s  

The i + O l l O  spacecraft (r'igure 2 1  ) comprises three 

major ilodules, whit> are ident i f ied as the Conrand kbdule 

(C/:)l), the  Service Hodule (S/N), and the  Lunar Excursion 

I-ToSule (L,z.~L ) . 
Tne Command i4odule houses a three-man crew, sub- 

systems t o  provide e l e c t r i c a l  power, comnunications, 

orientation, s tab i l iza t ion ,  and environrnental control 

and l i f e  support for  a 14-day mission. It serves as the  

control center of the  spacecraft and is  a blunt, conically 

shaped Body, 13 f e e t  i n  diameter a t  i ts  base and 11 f e e t  

high (Figure 2 2 ) .  The sk in  is of brazed honeycomb steel 

construction, To protect the astronauts inside during 

re-entry in to  the  Earth 's  atmosphere a heat shield made 

of a special  material t h a t  ablates (boils t o  a gas) a t  

extremely high temperatures is  used. 

The Service Module is  primarily a propulsive module 

which provides first, the  capabili ty for  making velocity 

corrections during the  trans-lunar and trans-Earth 

journies; second, the  energy for in jec t ion  i n t o  lunar 

o r b i t  and escape from lunar orb i t  a f t e r  the  landing mission 

is complete; and th i rd ,  the necessary a t t i t ude  control and 

maneuvering capability. 
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The Lunar Excursion Module is a two-stage v e h i c l e  

designed wi th  one s t a g e  for t r a n s p o r t i n g  t w o  a s t ronau t s ,  

along with s c i e n t i f i c  instruments  and f l i g h t  c o n t r o l s ,  

from a lunar  o rb i t  t o  t k l u n a r  su r face ,  and with t h e  

second stage f o r  ascent  and rendezvous wi th  t h e  Command 

Module-Service Module conf igura t ion ,  

Figures 23 and 24  i l l u s t r a t e  t h e  primary propuls ive  

maneuvers t h a t  t h e s e  modules a r e  designed t o  accomplish, 

I n  addi t ion  t o  the normal maneuvers descr ibed,  abor t  

c a p a b i l i t y  is  a l s o  provided so t h a t  a safe r e t u r n  t o  

Ea r th  can be accomplished a t  any p o i n t  dur ing  t h e  mission 

should it be necessary t o  do so, To f a c i l i t a t e  abor t  

dur ing  launch, a Launch Escape Propulsion System i s  a l s o  

provided (Figure 2 5 ) .  This s o l i d  p r o p e l l a n t  system is 

j e t t i s o n e d  during second stage burning i n  normal f l i g h t  

and s ince  t h i s  l i e s  o u t s i d e  t h e  moon's sphere of a c t i v i t y  

th i s  system w i l l  no t  be discussed i n  t h i s  paper,  

The spacec ra f t  propuls ion systems s e l e c t e d  f o r  t h e s e  

app l i ca t ions  are s i m i l a r  i n  many r e spec t s ,  

the Earth s t o r a b l e  p r o p e l l a n t  combination of n i t rogen  

t e t r o x i d e  as t h e  ox id ize r  and blended hydrazine d e r i v a t i v e s  

as the fuel .  The use  of t h e s e  p r o p e l l a n t s  f o r  t h e  Apollo 

A l l  employ 
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spacecraft systems was accepted because of extensive 

exploratory research in development programs which had 

preceded this requirement, 

alleviate some of the problems of storage during the 

10-day duration mission to the moon and return, 

26 illustrates the temperature-differential problems intro- 

duced by use of the higher-performance cryogenic propel- 

lants. This selection was a case of sacrificing perfor- 

mance for assurance that the propulsion system could be 

developed successfully within the schedule restraints, 

Simple pressurized propellant systems serve to pump the 

fuel and oxidizer to the engine combustion chambers. 

Simplicity and reliability are emphasized in the system 

designs. Characteristic of these systems are redundant 

valves, regulators, and other feed system components where 

substantial gains in reliability can be realized by use 

of redundancy without significant system complication or 

weight penalties. 

single engines are employed. Redundant engines are pro- 

vided in the control systems. 

The Earth-storable propellants 

Figure 

In the primary propulsion systems, 
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N o r t h  American Aviation Space and Information Systems 

Divis ion i s  the p r i n c i p a l  con t r ac to r  t o  NASA's Manned 

Spacecraft  Center i n  Houston, Texas, f o r  developing and 

bu i ld ing  the Command and Service Modules, The Gruiman 

A i r c r a f t  Engineering Corporation a t  Long Isla.nd, New York, 

i s  bui lding the Lunar Excursion Module, Each con t r ac to r  

has  subcontracted t h e  development and f a b r i c a t i o n  of the 

t h r u s t e r s ,  tanks,  and o t h e r  propuls ion system components. 

Serv ice  Module 

The  primary func t ion  of t h e  Serv ice  Propulsion Sub- 

system i s  t o  provide t h r u s t  for mid-course co r rec t ions ,  

f o r  en t ry  i n t o  the luna r  o r b i t ,  for t rans-Earth i n j e c t i o n  

from lunar orbit ,  and f o r  emergency maneuvers. O n  Earth- 

o r b i t a l  iliissions, it a l s o  provides r e t r o - t h r u s t  f o r  e n t r y  

i n t o  the E a r t h ' s  atmosphere. 

The Service N.od.ule conta ins  two propuls ion systeins; 

the Service Propulsion Sybsystem f o r  the p r i n c i p a l  maneu- 

ve r s  o f  lunar o r b i t  e n t r y  and depar ture ,  and the Serv ice  

Module Reaction Control Svrxystein (Figure 27) . T h i s  

:nodule also houses f u e l  c e l l s  t o r  e l e c t r i c a l  power 
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generation and contains antennas and other associated 

equipment t h a t  is not required i n  the Command Module for  

re-entry purposes, 

The Service Propulsion Subsystem comprises four 

cy l indr ica l  propellant tanks, t w o  each for  fuel and oxi- 

dizer ,  a helium pressurization subsystem and an engine 

t h a t  del ivers  nearly 22,000 pounss of th rus t  (F igu re  2 8 ) .  

The engine, shown i n  Figure 29 , i s  being developed by 

Aerojet-General Corporation a t  Sacramento, California, 

T h i s  e q i n e  has multiple r e s t a r t  capability. It operates 

a t  a pressure of about 100 pounds per square inch, abso- 

lu te ,  an6 i s  cooled Sy a coxbination of ablation and 

radiat ion techniques, The conbustion chanber and nozzle 

for a short  Zistance clown-strean of the throat  is  con- 

s t ructeu oE ablative glass-fiber-reinforced resin,  

renain6er of the erhaust nozzle, which extends t o  an area 

ratio 05 GO, is of refractory I-iletal, The portion j u s t  

behind tke throat ,  a t  a point exposes t o  tenperztures of 

220u c ,  is made of a co lu id~i~f i  alloy, The a f t  end of the 

nozzle is r!-a$.;le of t i t an iua ,  T h i s  nozzle, exposed t o  space, 

is  cooled >y raz ia t ion  t o  t%e space environment, 

The 

-0, 
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The engine i s  mounted i n  the v e h i c l e  so t h a t  it 

can be ginbal led t o  accomplish t h r u s t  vec to r  cont ro l .  

T h e  redundant p rope l l an t  valve assembly and gim- 

b a l l e d  t h r u s t  mount a r e  shown i n  Figure 30. 

T h e  Service Module Reaction Control  Subsystem w i l l  

provide p i t c h ,  r o l l ,  yaw and maneuver control f o r  the 

spacecraf t  during the e n t i r e  f l i g h t  f r o m  i n j e c t i o n  i n t o  

t h e  lunar t r a j e c t o r y  u n t i l  Earth re-entry.  I n  E a r t h -  

o r b i t  missions it is a l s o  used as a redundant r e t r o - t h r u s t  

sys tem f o r  r e tu rn ing  t o  Earth. 

The Service Module Reaction Control Subsystem, 

loca t ed  a t  the forward end of t h e  Serv ice  Module, com- 

p r i s e s  four small  propuls ion modules. Only one oppos i te  

p a i r  of these i s  required t o  accomplish t h e  mission. 

These modules, loca ted  a t  90 degrees i n t e r v a l s  around 

t h e  periphery of the  s t age ,  each con ta in  a complete pres- 

su r i zed  propulsion system w i t h  four  engines,  a l l  again 

exhausting a t  about 90 degrees t o  each o ther .  This 
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subsystem is designed for a wide range of duty cycles from 

pulse type operation t o  continuous operation €or several 

hundred seconds. 

under development by the  Marquardt Corporation of Van Nuys, 

California are  constructed from high temperature m e t a l s  

and are  cooled en t i r e ly  by radiation (Figure 31). Pro- 

pe l lan t  flow is  controlled by two e l e c t r i c a l l y  actuated 

valves located j u s t  u p s t r e a m  of the engine injector ,  

The propellant is contained i n  two cyl indrical  propellant 

tanks t h a t  employ an elastomer bladder €or posi t ive expul- 

s ion control, 

propellants i n  the  tanks permits the  subsystem t o  operate 

i n  t h e  "zero-g" environment, ileliwn is employed i n  the 

pressurization system, 

These lG0 pound t h r u s t  control engines, 

This means of posit ively displacing the  
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Lunar mcur s ion  lLloc71ule 

The Lunar Excursion Module, which w i l l  c a r r y  t h e  t w o  

as t ronauts  wi th  t h e i r  l i f e  support  equipnent and scien-  

t i f i c  equipment t o  the l u n a r  sur face  and r e t u r n  them t o  

lunar  o r S i t  for rend-ezvous w i t h  the spacec ra f t ,  con ta ins  

t h r e e  propulsion subsystems; two i n  the ascent  s t age ,  and 

one i n  the descent s tage ,  (Figure 32) 

The descent s t age  propuls ion subsystem d i f f e r s  from 

t h a t  previously descr ibed f o r  the Service Propulsion Sub- 

system i n  tha t  it i s  smaller and t h e  engine t h r o t t l e s  over  

a broad range of t h r u s t .  

engine has t h r u s t  va r i ab le  from 10,500 pounds t o  1,050 pounds 

and i s  gimballed t o  provide t h r u s t  vec tor  cont ro l .  

The  Lunar  Excursion Module descent 

The b a s i c  engine cons t ruc t ion  i s  s i m i l a r  t o  t h a t  of 

t h e  Serv ice  Propulsion System. 

chamber-nozzle s e c t i o n  i s  employed w i t h  a r a d i a t i o n  cooled 

nozzle extension, 

accorxpiisll the t l i r o t t l  ing  . 

An a b l a t i v e  combustion 

The p rope l l an t  f l o w  r a t e  i s  con t ro l l ed  t o  
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Two engines, employing different  basic  control con- 

cepts,  a re  being developed simultaneously t o  assure t h a t  

the thro t t l ing  requirements can &e m e t  sa t i s fac tor i ly .  

One concept, under development by the  Space Technology 

Laboratories of Los Angels ,  California, employs variable- 

area cavitating-venturii Cor controll ing the propellant 

Elow rate to  the engine and variable-area in jec t ion  ports 

t h a t  are  slaved t o  the  variable-area cavitating-venturi 

f l o w  control system (Figure 3 3 ) .  Tlis system i s  l i k e  the 

system being developed a l te rna t ive ly  for the Surveyor 

spacecraft. An alterna.te approach, under development by 

the Rocketdyne Division of Korth American Aviation, 

incorgoratea, L o s  Anqs1-e~ , California, ei%ploys a constant- 

zrea in jec tor  wit:: a conventional feed l i n e  th ro t t l i ng  

valva (F igure  34). H e l i u m  i s  injected and mixed with the 

propellants i n  the low-thrust regime t o  provide in jec t ion  

ve loc i t ies  su i tab le  for obtaining good combustion e f f ic -  

iency and stable system operations. 

throttling methods w i l l  soon be selected f o r  application 

t o  the Lunar Excursion Module descent stage. 

One of these two 
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The ascen-t s t age  eripl-oys a 3,500 pound constant-  

t h r u s t  engine for  r e t u r n h g  the  Lunar Excursion Iilodule 

t o  t h e  o r b i t i n g  spacecraf t .  This engine,  under develop- 

ment by t h e  Bell Aerosystems Company of Buffalo,  New 

Yorlc, operates  at a p res su re  of about 110 pounds p e r  

square inch absolu te  and employs a b l a t i v e  cool ing  through- 

out .  Figure 35 i l l u s t r a t e s  t h e  engine conf igura t ion  

selected.  Both the descent  and ascent  propuls ion systems 

employ mul t ip le  p rope l l an t  tanks ,  redundant valves  and 

r egu la to r s  and a helium p r e s s u r i z a t i o n  system. 

The Lunar Excursion Module r e a c t i o n  c o n t r o l  system 

i s  ac t ive  during both luna r  descent  and ascent .  I t  i s  

loca ted  i n  the ascent  s tage.  It may be used  to  supple- 

ment the c o n t r o l  provided by gimballing the descent  engine 

during landing. It i s  t h e  only c o n t r o l  a v a i l a b l e  during 

t h e  ascent  and rendezvous phase s i n c e  the primary engine 

i s  fixed and has  no means of c o n t r o l l i n g  i t s  t h r u s t  vector.  

The  f ixed engine desiqn was inf luenced by the compact s t age  

design which p l aces  the main engine very close t o  the cen- 
b 

t e r  of g r a v i t y  of t h e  ascent  stage where t h r u s t  vec tor  by 

gimballing o r  o t h e r  means would no t  be e f f e c t i v e .  
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. 
The reaction control system is very s i m i l a r  t o  t h a t  

under development for  the Service Module Reaction Control 

System, infac t ,  the  same 100 pound th rus t  radiat ion cooled 

engine w i l l  be used i n  both applications. In s t a l l a t ion  

differences occur i n  the mounting of the  engines and i n  the 

propellant feed system configuration. Two complete propul- 

sion systems comprising eight engines each, make up the  

control system. Only one system is required for mission 

success. The propellant tanks a lso  employ an elastomer 

bladder for  posi t ive expulsion and u t i l i z e  a helium system 

for  propellant expulsion. 

The Apollo Mission 

The Apollo mission t o  land men on the moon w i l l  begin 

a t  the John F. Kennedy Space Center i n  Florida. Three 

astronauts w i l l  be launched, seated i n  the  Command Module, 

approximately 320 f e e t  above the base of the  Saturn V 

launch vehicle (Figure 36). The f ive  F-1 engines of the  

Saturn V f i r s t  stage, which generate 7% million pounds of 

th rus t ,  w i l l  burn for  2% minutes. After separation of the 

f i r s t  stage, the second stage w i l l  i gn i t e  (Figure 37). 
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Its 5 sngines genera te  a t o t a l  of 1,000,000 pounds of 

t h r u s t ,  A f t e r  615 minutes burning t ime, the t h i r d  s t a g e  

w i l l  be ign i t ed  (Figure 38). Its  s i n g l e  engine provides  

2oo,ooo lbs .  of t h r u s t .  T h i s  engine w i l l  burn i n i t i a l l y  

about 2-3/4 minutes t o  h u r l  the  spacec ra f t  i n t o  e a r t h  

orbi t ,  and then w i l l  be shut  down (Figure 39). I n  t h i s  

parking o r b i t  the spacec ra f t  w i l l  be checked ou t  by t h e  

a s t ronau t s  and by ground con t ro l  through te lemetry.  

A f t e r  severa l  o rb i t s  and a f t e r  i t s  t r a j e c t o r y  h a s  been 

accura te ly  a sce r t a ined  byground c o n t r o l ,  the t h i r d  s t a g e  

engine w i l l  again i g n i t e  f o r  approximately f i v e  minutes 

t o  acce le ra t e  the spacec ra f t  on a t r a j e c t o r y  toward the 

moon (Figure 40). 

. 

A t  t h i s  po in t ,  t h e  adaptor  surrounding the Lunar 

Excursion Module w i l l  be separated (Figure 41)- The 

Command Module and Service Module w i l l  a l s o  be separated 

leaving  t h e  Lunar Excursion Module a t tached  t o  the t h i r d  

s tage .  The a s t ronau t s  w i l l  then accomplish a t u r n  around 

maneuver (Figure 42) and dock t h e  Command Flodule nose-to- 

nose w i t h  t h e  Lunar Excursion Module (Figure 43), af te r  

which the t h i r d  s t a g e  w i l l  be separa ted ,  A f t e r  t h i s  
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short-coupled trans-lunar rendezvous, the configuration 

w i l l  remain in t ac t  during t h e  remainder of the f l i g h t  

t o  the lunar orbi t .  In-flight corrections anddecelera- 

t i on  t o  place the spacecraft i n  lunar o rb i t  w i l l  be 

accomplished by the 22,000 lb. th rus t  Service Module 

engine (Figure 44). The lunar o rb i t  w i l l  be between 80 

and 100 miles above the moon surface, 

Two of the astronauts w i l l  then climb through the 

hatch of the Command Imdule in to  the  Lunar Excursion 

Module (F igu re  4 5 ) -  The descent engine w i l l  ign i te  and 

burn for  3 minute (Figure 46) t o  place the Lunar Excur- 

sion Module i n  an e l l i p t i c a l  o r b i t  which dips down t o  

w i t h i n  10 miles of the lunar surface where the astronauts 

can observe the surface fo r  a sui table  landing s i t e  

(Figure 47) .  Speed of the Lunar Zxcursion Module with 

respect to the lunar surface w i l l  be about 4,000 m i l e s  per 

hour. Deceleration and landing of the Lunar Excursion 

Module w i l l  be a.ccomplished by u s e  of the Lunar Excursion 

Xodule tlirottcable engine which w i l l  have a thrus t  range 

froin 1,000 t o  10,000 Ibs. (Figure 48) . 

Ti7liile on the noon, two astronauts w i l l  a l ternate  i n  

leaving the Lunar Excursion b1ociule -to explore the surzacc 
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and inalce s c i e n t i f i c  measuren-ents (Figure 4.9) . T;IZ tota .1  

length 02 s t a y  w i l l  he about 2 4  hours.  

Launch f roa 612 noon w i l l  be accorq l i shed  by sspara ' i -  

i i i c j  t hz  landing s t age  of the Lunar 3xcursion 1.lodul.e (Piyur.l \  

50) .  U s i n y  the asccnt  s t a y s  3500 1-5. t h r u s t  enginc t;i? 

Lunar Excursion flodule w i l l  be acce le ra t ed  t o  about 4,cOO 

m i l e s  per hour a t  an a l t i t u d e  or' 10 m i l e s .  Radars aboard 

both t h e  Command Module and. the  Lunar Excursion Module 

m i l l  track each o thc r  and the L u n a r  Excursion Iviodul.3 will 

be used t o  ma?ce course co r rec t ions  t o  i n s u r e  rendezvous 

(Ficfurc  51) , B o t h  modules v i 1 1  have t h e  capabi3.j.ky of 

m a k i 2 q  reiidezvou E and 6ockincj, 

A2ter the a s t ronau t s  have re turned  t o  the Comiand 

bloaulc throucJii the ha tck, the Lunar Cxcursioii ILlo2ule w i l l  

be dcta.ched and l e f t  a s  a satellite i n  lunar  o r b i t ,  %le 

2 2 , 0 0 0  lb. t h r u s t  S5rvicc I'/iochle cnginc will be use6 t o  

acce le ra t e  the Cormand !loClulc toward the eart'il. (Figure 5 2 )  : 

final cor rec t ions  t o  h i t  the r e e n t r y  c o r r i d o r  w i l l  he made 

wit'n t h e  Service Module engine a f t e r  which tlie Service 

IJiodUlc M i l l  b e  separated (Figure 53) .  Through use of 

a u x i l i a r y  a t t i t u d e  con t ro l  roc?cct engines,  the Comxand 



Module w i l l  p o s i t i o n  itself for r een t ry  i n t o  the earth 

atntosphere (Figure 54) and a t  a s u i t s b l e  a l t i t u d e  deploy 

parachutes  for landing on the e a r t h  su r face  (F igure  55). 

The t i m e  for the entire mission w i l l  be between 8 

and 10 days. 
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space v ; r i l l  lczd P,I:t t ,+Aietrate the bounds of t h e  

aixosphere , ti:Ai.cI1-T dL ,- f i rs t ,  b u t  i n  t h e  end t o  conquer 

the tillole of s o l a r  space".  

The success Pal acco,:;pIish:-.ent of t h e s e  luna r  n i s s i o n s  

vi11 open t h e  way for liider exp lo ra t ion  of space and our 

solar system, leading t o  a more complete knowledge of our 

universe  and a xore profound understanding of t h e  

universa l  laws . T h e  inporkance of such r e v e l a t i o n s  cannot 

now be fully foreseen. 

I can assure  you on beha15 of a l l  i n  t h e  'iiiited S t a t e s  

w h o  a r e  engaged i n  the search fo r  i i e ~  knowledge in t h e  

n e w  domain of space,  t h a t  It i s  our paramount hope and 

purpose t h a t  t h e  explora t ion  05 space w i l l  c o n t r i b u t e  t o  

t h e  achieveirient of genuine i n t e r n a t i o n a l  coope ra t i i  ms.' 
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an upl i f t ing  of human cu l tu re  through science and 

technology, 

A c t ,  which created the  National Aeronautics and Space 

Ad ih i s t r a t ion ,  are; 1) t o  expand human knowledge and 

understanding through sc i en t i f i c  and experimental study 

of the so la r  system and the  space environment, and 

2) t o  assure prompt dissemination of the new knowledge 

of space phenomena and technology throughout the  scien- 

t i f i c ,  technical and business communities of the  world 

for the  maximum benefit of a l l  mankind, I t r u s t  t h a t  

t h i s  d i sser ta t ion  on a very l imited subject has contri- 

buted something t o  these purposes, 

Two of the  stated objectives of the Space 
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